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The doublecortin-like domains (DCX), which typically occur in tandem, are novel microtubule-binding modules.
DCX tandems are found in doublecortin, a 360-residue protein expressed in migrating neurons; the doublecortin-
like kinase (DCLK); the product of the RP1 gene that is responsible for a form of inherited blindness; and several
other proteins. Mutations in the gene encoding doublecortin cause lissencephaly in males and the ‘double-cortex
syndrome’ in females. We here report a solution structure of the N-terminal DCX domain of human doublecortin
and a 1.5 A resolution crystal structure of the equivalent domain from human DCLK. Both show a stable,
ubiquitin-like tertiary fold with distinct structural similarities to GTPase-binding domains. We also show that the

C-terminal DCX domains of both proteins are only partially folded. In functional assays, the N-terminal DCX
domain of doublecortin binds only to assembled microtubules, whereas the C-terminal domain binds to both

microtubules and unpolymerized tubulin.

Microtubules are key components of cytoskeleton that are
involved in cell movement, shape determination, division and
transport'. Microtubule-associated proteins (MAPs) regulate
the dynamics and distribution of microtubules by binding in a
nucleotide-independent manner?. MAPs are particularly vital
to neurons, where they regulate embryonic neuronal migration,
as well as growth of dendrites and axons. Recently, a novel gene,
DCX, coding for a microtubule-associated protein was identi-
fied on chromosome X** The protein encoded by this gene,
doublecortin, is essential for proper embryonic development of
the layers of the cerebral cortex, formed by neurons migrating
from specialized regions deep within the brain in an ‘inside-out’
pattern. The later born neuron cells migrate over progressively
longer distances past the neuronal layers formed earlier, often in
excess of 1,000 cell lengths, to reach their destination.
Mutations in the DCX gene cause a syndrome resulting in
X-linked lissencephaly (XLIS), or ‘smooth-brain] in males.
Females that are heterozygous for the X-linked mutations suffer
from a milder version of this syndrome, with a subpopulation of
neurons arrested approximately halfway before reaching the
expected destination during cerebral cortex development, pro-
ducing so-called subcortical band heterotopia (SBH) or ‘dou-
ble-cortex>”. In surviving patients, this syndrome leads to
severe retardation and seizures®®. The doublecortin protein is
40 kDa in size and has an amino acid sequence unique among
known MAPs.

The mapping of pathogenic mutations identified a tandem of
two homologous domains within doublecortin, spanning
approximately residues 47—135 and 174-259 (refs. 10,11). Similar
tandems are found in other proteins, one of which is the evolu-
tionarily conserved doublecortin-like kinase, DCLK'>"'4, which
harbors a Ser/Thr kinase domain downstream of the tandem.

(The protein doublecortin and the doublecortin-like domains are
all denoted in literature and in the SMART database'> as DCX.
Here, we use DCX to describe the generic domain, the term
doublecortin describes the full length protein, N-DCX and
C-DCX describe the N- and C-terminal DCX domains within
doublecortin, respectively, and N-DCLK and C-DCLK describe
the two DCX domains within DCLK.) Although the physiologi-
cal function of the human DCLK is not clear, the Caenorhabditis
elegans homolog of DCLK, ZYG-8, promotes microtubule assem-
bly during embryonic anaphase, binds to microtubules and stabi-
lizes them'¢. Another example of a DCX-containing protein is
retinitis pigmentosa RP1 protein, which is mutated in 5-10% of
cases of autosomal dominant retinopathy!”. The disease is a form
of night blindness that may lead to complete lack of vision.

Here we report the solution structure of the N-terminal DCX
domain of human doublecortin and the 1.5 A crystal structure
of analogous domain of DCLK. The domain has a novel fold
among MAPs but one that is well known among GTPase-
binding domains and ubiquitin-related proteins. We also show
that the C-terminal DCX domains of DCLK and doublecortin
are only partially folded. Finally, we present evidence that each
of the two DCX domains of doublecortin interacts with tubulin
and microtubules in a different way, suggesting a general mech-
anism by which the DCX-tandems function in MAPs.

The solution structure of the N-DCX

Repeated experiments aimed at the preparation of X-ray—
quality crystals of the recombinant full-length doublecortin, its
DCX-tandem or individual DCX domains have failed.
Therefore, we used heteronuclear NMR to characterize the
solution structure of the N-DCX (residues 45-150). The
sequential assignment of the N,"*C-enriched, recombinant
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Fig. 1 Solution structure of the N-terminal DCX domain of human doublecortin. a, Stereo view of the 20 lowest-energy structures with every 20t
residue labeled. b, Representative conformation of N-DCX in ribbon representation. The B-strands (green) and a-helices (magenta) are labeled.

protein is described elsewhere!. The structure was determined
from a total of 1,692 distance restraints (Table 1; Fig. 1). A well-
defined core comprising residues 51-147 is observed, with the
N and C termini displaying disorder in the structure, as con-
firmed by measurements of the 'H-""N-heteronuclear NOE
(data not shown). The core folds into a single compact domain
with a mixed [-sheet containing five 3-strands arranged in the
order 2-1-5-3-4. There is a single major O-helix (residues
80-91) within the crossover connection between strands (32
and [33. This helix fits onto the concave face of the [-sheet.
There are two 3y-helices that comprise fragments 116-118 and
145-148. For residues beyond position 141, decreasing values
of the 'H-°N heteronuclear NOEs were observed — that is,
0.4-0.6 relative to a mean value of 0.74 for the well-defined
core — indicative of an increased degree of mobility. Despite
the increased mobility, several long-range NOEs are observed
between the side chain of Trp147 and residues that are part of
the domain core (for example, Arg56, Val69 and Glyl122),
demonstrating that the C terminus is partly anchored in the
protein core in solution. To evaluate the importance of the
N-DCX C terminus for proper folding, we constructed
a deletion mutant in which residues beyond 141 were
removed. Examination of 'H-"*N HSQC spectra using
1’N-labeled samples showed that, with the exception of
chemical shifts associated with residues interacting with
the C terminus, the spectra are identical to the wild type
protein (data not shown).

The crystal structure of the N-DCLK

The crystal structure of N-DCLK was solved in a semi-
automated manner using the anomalous signal from
a single Se atom in a selenomethionine (SeMet)-
substituted sample of a mutant protein, in which
Leul20 was replaced with a Met (L120M), which
occurs in this position in doublecortin, and refined to
1.6 A resolution. A crystal of wild type N-DCLK that
lacks methionines was also grown, and the structure

Fig. 2 The crystal structure of the N-terminal DCX domain of the
doublecortin-like kinase. a, Stereo view of representative 2F,—
F. electron density contoured at 1.4 o. b, Stereo view of sec-
ondary structure elements of N-DCLK, as defined by
PROCHECK®*. The view is identical to the one in Fig. 1.
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— virtually identical to the mutant — was refined to 1.5 A
resolution (Table 2; Fig. 2). All residues between Thr49 and
Val154 are visible in the electron density map.

The N-DCLK contains a single mixed (-sheet containing
five B-strands and a single major O-helix (residues 84-95),
which binds in the concave groove of the [-sheet. There are
three short 3,,-helices: residues 53-55, 120-122 and 148-151.
In general terms, the tertiary structure of N-DCLK compares
well with the NMR structure of the equivalent domain in
doublecortin, except for the region extending from the end of
strand 35 (residue 134) to the C terminus. In both the NMR
and crystal structures, these fragments have similar confor-
mations but are shifted by [ A with respect to one another.
In N-DCLK, the C-terminal fragment is involved in close
crystal contacts, which can easily stabilize one specific con-
formation.

Similarity to GTPase-binding domains
A Dali? search with the coordinates of N-DCX and N-DCLK
indicated that the DCX domain shows distinct structural simi-
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larities to the Ras-binding domain of RalGDS¥, the PB1
domain of Bemlp?'??, the UBX domain of human FAF1
(ref. 23) and ubiquitin** — all members of the ubiquitin-like
superfamily (Fig. 3). Other GTPase-binding domains, includ-
ing that of Byr2 (ref. 25), are also similar in their overall three-
dimensional structure. There is no evidence from amino acid
sequence similarity that would suggest common ancestry for
these proteins, but the possibility cannot be excluded. It should
be noted that tubulin is also a GTPase, and the structural simi-
larities between the two systems may extend to their function.

Similarities in amino acid sequence between the N- and
C-terminal DCX domains in proteins containing the DCX
tandems (Fig. 3d) suggest that the two domains should show a
common three-dimensional fold. Thus, the DCX domains con-
stitute the first known example of a microtubule-interacting
module with a canonical ubiquitin fold. A comparison of other
members of this structural superfamily with DCX reveals that
the general BRaPPP topology is consistently preserved,
although the C termini may vary among the different pro-
teins (Fig. 3a—c).

Stability of N- and C-terminal DCX domains

We found that the recombinant C-terminal DCX domains
of both doublecortin and DCLK are thermodynamically
unstable. Neither shows cooperative unfolding in tempera-
ture— or guanidine-HCl-induced denaturation experi-
ments, whereas the size exclusion analysis shows a profile
with a predominant monomeric fraction in equilibrium
with oligomers (data not shown). The measured Stokes
radius (R,) of each C-terminal DCX domain is [20.4 A,
which is too large for a folded monomeric species but con-
sistent with a value predicted for molten globule®. In con-
trast, the N-terminal DCX domains of both doublecortin
and DCLK show cooperative and reversible temperature-
induced denaturation, with relatively high denaturation
temperatures (Ty.,) of 70.6 °C and 73.8 °C, respectively.
The values of AG,, determined by guanidine-HCI

Fig. 3 Comparison of molecular models of structurally related mem-
bers of the ubiquitin superfamily. Stereo views of the crystal struc-
ture of the N-DCLK domain (yellow/orange) compared with the
structures of a, RalGDS Ras-binding domain (PDB entry 1LFD;
magenta); b, the structure of Byr2 Ras-binding domain (1K8R;
green); and ¢, C-Raf1 Ras-binding domain (1GUA; blue). d, Sequence
alignment of the N-terminal domain of doublecortin (N-DCX) with
other DCX-like domains, including those of doublecortin-like kinase
(N-DCLK), C. elegans zyg-8 (N-ZYGS8), the human RP1 (N-RP1),
Drosophila melanogaster homolog (N-DM), Anopheles gambiae
homolog (AG) and with their respective C-terminal domains. The
secondary structure elements and sequence numbering are based on
the N-DCX structure. Blue stars denote sites of mutations in N-DCX
occurring in patients with XLIS and SBH, cyan stars show correspond-
ing sites in C-DCX and magenta stars indicate sites common to both
domains.
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unfolding for doublecortin and DCLK are 4.2 kcal mol™! and
6.6 kcal mol”!, respectively (Fig.4a). In contrast to the
C-terminal DCX domains, the R, values of N-terminal
domains are 16.2 A for doublecortin and 18.9 A for DCLK, in
good agreement with the values calculated for globular
proteins of this size?.

The DCX tandems show more complex behavior, with
chemical denaturation profiles deviating slightly from a two-
state model (Fig. 4a). The apparent Ty, of the DCX tandem of
doublecortin is 64.9 °C, whereas the DCX-tandem of DCLK
precipitates at higher temperatures, precluding determination
of melting temperature.

To further investigate the structure of C-terminal DCX
domains, we used 8-anilino-1-naphthalene sulfonate (ANS), a
probe widely used to study partially folded and molten globule
states?-?°. In an aqueous environment, the fluorescence of this
dye is quenched; however, when in contact with hydrophobic
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Fig. 4 Comparison of the stabilities of the isolated DCX domains and DCX tandems in doublecortin and DCLK. a, Stability properties of DCX tandems
and respective isolated N-terminal DCX domains. Guanidine-HCl denaturation of N-DCX of doublecortin (red), DCX tandem of doublecortin (cyan),
N-DCLK (blue) and DCX tandem of DCLK (green) monitored by changes in CD signal at 220 nm. b, ANS binding to isolated N- and C-terminal DCX
domains of doublecortin and DCLK. Fluorescence spectra of ANS in presence of N-DCX of doublecortin (red), N-DCLK (blue), C-DCX of doublecortin
(cyan) and C-DCLK (green). All spectra were recorded at protein concentration 9 x 10-¢ M. Free ANS fluorescence is also shown (dashed black line).
¢, "H-"SN HSQC spectra of N-DCX (red) and C-DCX (cyan) superimposed onto DCX tandem (black). Spectra were recorded at a concentration of 60 uM

at 20 °C and pH 6.8. Inset shows expanded fragment of the spectra emphasizing difference between the linewidths of N-DCX and C-DCX.

surfaces exposed in molten globules or found in non-polar
binding sites of some folded proteins, the intensity is signifi-
cantly enhanced. We find that ANS binds to both C-terminal
DCX domains with an intensity increase accompanied by a sig-
nificant shift toward a shorter wavelength at 9 X 10-° M protein
concentration (Fig. 4b). A similar effect is observed for DCX
tandems. No ANS binding was detected for the N-terminal
DCX domains.

Attempts to obtain NMR spectra of C-DCX at 200 UM pro-
tein concentration failed because of aggregation problems;
however, at 60 pM, the 'H-"N HSQC spectrum was reasonably
well dispersed, although significant line-broadening was still
observed (Fig. 4¢). The signals are likely to be broadened pri-
marily because of conformational disorder and conformational
exchange on a millisecond timescale®®. A similar effect was
observed for locally disordered conformers upon pressure-
induced unfolding of apomyoglobin?!. This residual structure
made it possible for us to study the behavior of C-DCX in the
presence of tubulin (see below), although the low protein con-
centration in the sample has prevented us, so far, from a more
detailed structural characterization.

The DCX tandem of doublecortin

One of the possible reasons for the properties of isolated
C-DCX could be the stabilizing interaction with N-DCX in
the tandem. We have therefore explored the properties of the
intact DCX tandem (residues 45-275). The 'H-*N HSQC
spectra at 60 UM and 200 pM protein concentration showed
significant concentration-dependent broadening of signals
from the C-terminal DCX domain while signals of the
N-terminal domain were virtually unaffected. The presence
of a covalently linked, well-folded N-terminal domain

nature structural biology ¢ volume 10 number 5 « may 2003

reduces the tendency of C-DCX to aggregate. In the HSQC
spectra of DCX tandem compared with isolated N-DCX and
C-DCX (Fig. 4c), the signal lines corresponding to N-DCX
were marginally broader relative to the isolated domain, with
no changes in chemical shifts. This is consistent with a small
increase in the correlation time of N-DCX domain in tandem,
because of a higher molecular weight, without any conforma-
tional changes induced by C-DCX. In addition, the chemical
shifts of C-DCX in tandem are almost unperturbed relatively
to isolated domain. Finally, we conducted experiments
involving titration of "'N-labeled N-DCX domain with unla-
beled C-DCX (data not shown). We did not observe any
chemical shift perturbations and conclude that the two
domains within the tandem do not interact in any significant
way other than through a covalent, flexible linker region. The
molecular causes underlying the partial folding of the
C-terminal DCX domains are now under investigation in our
laboratories.

Binding of N- and C-DCX to tubulin

Previous work established that doublecortin and DCLK
co-localize with the microtubule cytoskeleton and stabilize
microtubules®>%, but the pattern of binding of the isolated DCX
domains to the elements of the microtubule cytoskeleton
remained uncertain. We used biotinylated tubulin in pull-down
experiments using resin-bound avidin to examine the tubulin-
binding properties of doublecortin and its DCX domains. Four
constructs were used: the full-length protein, the DCX tandem,
N-DCX and C-DCX. When the biotinylated, unpolymerized
dimeric tubulin was captured and pelleted by the avidin-resin,
the pellet, as well as the supernatant, was examined for the pres-
ence of DCX-derived constructs with polyclonal antibodies to
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doublecortin and tubulin. All constructs, except for the N-DCX
domain, were present in the pellet, whereas the supernatant con-
tained all proteins (Fig. 5a). Thus, N-DCX alone is incapable of
binding to dimeric, soluble tubulin.

In an independent series of experiments, we monitored
tubulin- and microtubule-binding of various doublecortin
constructs using NMR. To assess the ability of the isolated
domains of doublecortin to bind to polymerized tubulin, we
exploited the temperature-dependent behavior of tubulin,
which at 60 UM concentration and 20 °C exists predominantly
as dimer but tends to polymerize rapidly at 35 °C because of
spontaneous nucleation®*. When the temperature is
increased to 35 °C, the sample shows increased turbidity, and
the effect is reversible.

First, we measured the 'H-"N HSQC spectra of *N-labeled
doublecortin fragments in the presence of unlabeled tubulin at
a 1:1 molar ratio (per tubulin dimer). Although a physiological
ratio of doublecortin to tubulin is estimated to be [1:70
(ref. 11), the highest rate of tubulin polymerization occurs
when the concentrations are equimolar®. The high molecular
weight of the tubulin dimer (110 kDa) allowed us to use the

Fig. 6 /n vivo microtubule bundling by various doublecortin fragments.
a, Full-length doublecortin; b, DCX-tandem; ¢, N-DCX; and d, C-DCX
were co-transfected into COS-7 cells together with GFP used as an inde-
pendent transfection marker. The cells were visualized for GFP (green),
microtubules (red) and nuclei (blue); white arrows indicate microtubule
bundling.
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Fig. 5 Binding of doublecortin DCX domains to tubulin. a, In vitro pull-
down assay of the different doublecortin constructs with tubulin.The
experiments contain, from left to right, full length doublecortin, DCX-
tandem, N-DCX and C-DCX, with (+) and without (<) tubulin. The top and
bottom panels show the pellet and the supernatant, respectively.
b, 'H-">N HSQC spectra of 60 uM N-DCX in the presence (black) and
absence (red) of equimolar dimeric tubulin at 20 °C. ¢, "H-"SN HSQC
spectra of 60 uM C-DCX in the presence (black) and absence (red) of
equimolar dimeric tubulin at 20 °C. d, 'H-">N HSQC spectra of 60 uM
N-DCX in the presence (black) and absence (red) of equimolar polymer-
ized tubulin at 35 °C. e, "H-"SN HSQC spectra of 60 uM C-DCX in the pres-
ence (black) and absence (red) of equimolar polymerized tubulin at 35 °C.

observed binding-associated signal broadening in 'H-N
HSQC spectra as an indicator of intermolecular interactions.
Repeated experiments conducted at 20 °C showed that the sig-
nals of N-DCX are virtually identical, regardless of whether or
not tubulin was present (Fig. 5b). However, the spectrum
recorded for the C-DCX domain in the presence of tubulin
shows substantial signal broadening of resonances, consistent
with the binding of the C-DCX domain to unpolymerized
tubulin (Fig. 5¢).

In NMR experiments conducted with samples at 35 °C, the
'H-N HSQC spectra show substantial broadening of reso-
nances for both domains, consistent with binding to micro-
tubules by both domains (Fig. 5d,e). For the N-terminal DCX
domain, lowering the temperature back to 20 °C (microtubule
depolymerization) resulted in the recovery of the spectrum
characteristic of unbound protein. In contrast, lowering the
temperature for the C-terminal DCX domain resulted only in
small temperature-induced chemical shift changes but no
change in the broadening-induced loss of resonances. We con-
sidered the possibility that the observed broadening effects are
due to changes in viscosity associated with tubulin polymeriza-
tion, but subsequent study of the R89G mutant of N-DCX (see
discussion below) ruled this out.

Finally, to verify the impact of isolated DCX domains on the
polymerization rate of tubulin at the 1:1 molar ratio (as used in
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Fig. 7 Impact of two patient mutations on the structure and function of N-DCX. a, The distribution of patient mutations in N-DCX shown using a rib-
bon representation. b, A surface representation of the distribution of patient mutations. Cyan denotes the two mutants studied in this work (Arg59
and Arg89), green denotes buried sites (including partly exposed Gly100), and red denotes exposed surface residues. ¢, Superposition of 'H-5N spec-
tra of wild type N-DCX (blue), R59L N-DCX (red) and R89G N-DCX (green). d, 'H-'SN HSQC spectra of 60 uM R59L N-DCX in the presence (black) and
absence (red) of equimolar polymerized tubulin at 35 °C. e, 'H-">N HSQC spectra of 60 uM R89G N-DCX in the presence (black) and absence (green) of

equimolar polymerized tubulin at 35 °C.

the NMR experiments), we used a light scattering assay. As
reported with lower molar ratios'!, full-length doublecortin
and the DCX tandem significantly enhanced the rate of tubulin
polymerization, whereas isolated domains had a much smaller
effect (data not shown).

The DCX tandem and microtubule bundling
Overexpression in vivo of proteins containing the DCX tandem
leads to tubulin polymerization and microtubule bundling!+3.
Because both individual DCX domains of doublecortin show the
ability to bind to tubulin and/or microtubules, we wanted to
explore the extent to which the tandem structure is important
for the biological function.

We transfected COS-7 cells with mammalian expression
vectors containing various fragments of doublecortin, followed
downstream by an internal ribosome entry site and the green
fluorescent protein (GFP) gene. Thus, the impact on the
cytoskeleton would result exclusively from the presence of
doublecortin fragments, as GFP was not a fusion partner.
Although overexpression of full-length doublecortin and of the
DCX tandem resulted in many cells displaying visible bundling
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of microtubules, little bundling was observed in cells with either
N-DCX or C-DCX expressed separately (Fig. 6).

The impact of pathogenic mutations

The availability of the three-dimensional structure of the
N-DCX domain, and the NMR methodology developed to assess
the binding of doublecortin and its fragments to tubulin, allow
us to rationalize the impact of known mutations associated with
the XLIS and SBH diseases®®. On the basis of the structural con-
text, the mutations located in N-DCX fall, in general terms, into
two categories: those likely to destabilize or affect the dou-
blecortin structure, thereby indirectly affect its ability to interact
with the tubulin cytoskeleton, and those that directly impact
interactions with microtubule cytoskeleton by modifying the
relevant surface epitopes (Fig. 7a,b).

The first group of mutations is likely to include mostly buried
sites and sites with a distinct structural role. Three such sites are
the buried, Leu97, Ile 104 and Tyr125, with the corresponding
mutants (with the mutant-related syndrome indicated in paren-
theses) — L97R (SBH), 1104T (SBH), Y125H (XLIS) and Y125D
(SBH) — almost certainly leading to a loss of or reduction in sta-
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Table 1 Statistics of the final CNS refined structure of N-DCX

Number of restraints

Unambiguous distance restraints (all) 1,490
Intraresidual 390
Sequential 431
Medium range 232
Long range 437

Ambiguous distance restraints’ 202 (459)

Hydrogen bonds 18

@/ Y angle restraints 36

X1 angle restraints 34

3Jyne coupling constants 93

R.m.s. deviations from experimental restraints

Unambiguous distance restraints (A) 0.018 + 0.001

Ambiguous distance restraints (A) 0.009 + 0.001

Hydrogen bond restraints (A) 0.023 + 0.003

Dihedral angle restraints (°) 0.61 +0.036

Coupling constants (Hz) 0.46 + 0.020

Deviations from idealized covalent geometry

Bonds (A) 0.0024 + 0.00006

Angles (°) 0.366 + 0.005

Impropers (°) 0.524 + 0.007

Measures of structure quality
(Ramachandran plot) (%)?

Residues in most favored regions 76.8 (83.6)

Residues in additional allowed regions 19.5(14.7)

Residues in generously allowed regions 24(1.2)

Residues in disallowed regions 1.3(0.6)

Pairwise r.m.s. deviation (A)3
Backbone (N, Ca, C, O) 0.64 +0.08
All heavy atoms 1.35+0.11

"Walue in parentheses for this entry indicates total number of assign-
ments.

2Structure quality was evaluated by PROCHECK** for two models:
the complete domain (residues 52-146) and the core domain lacking
partially folded C-terminus (residues 52-129; in parentheses).

3Pairwise r.m.s. deviations are calculated between 20 conformers for
residues 52-146.

bility. Residue Glyl00 is in a conformation disallowed for
residues other than Gly; therefore; its substitution to Ala in XLIS
is also potentially destabilizing. At least two patient mutations
are found in position 59: R59H (SBH) and R59L'. This site is
located near the carboxyl end of strand 1, and most of the Arg
side chain atoms are buried. The guanidinium group is
sequestered between Asp62 and Asp93, serving as an electrostat-
ic zipper. The arginine in this position is conserved in all DCX
domains, attesting to its functional importance. The D62N
mutation is also pathogenic, leading to XLIS, probably for simi-
lar reasons. The second group of missense mutations appears to
affect the electrostatic potential on the surface of the domain.
They are S47R (XLIS), R78L (SBH), R78H (SBH), D86H (SBH),
R89G (SBH) and R102S (XLIS).

To verify experimentally our thesis about two different classes
of mutations, we studied two mutants of N-DCX previously
shown to have impaired tubulin polymerization properties'":
R59L (potential destabilization of the structure) and R89G
(localized surface charge distribution). The 'H-"N HSQC spec-
tra of the R59L mutant show severe structural changes, as judged
by the extensive and substantial chemical shift changes relative to
the wild type spectra (Fig. 7c). In the presence of polymerized
tubulin, there is a limited degree of broadening substantially less

330

than that observed for wild type, suggesting that this mutant
may have a binding activity that is significantly impaired
(Fig. 7d). In contrast, the R89G mutation does not affect the
structure (Fig. 7¢) but fails to bind polymerized tubulin, as
judged by the lack of any broadening in the presence of tubulin
(Fig. 7e), indicating that Arg89 contributes critical interactions
for binding to microtubules. Although the sample of mutants in
the current study is limited, the experimental data confirm the
expected impact of mutation. The NMR methodology used in
our experiments offers the advantage of clear discrimination of
direct impact of the mutation on the interaction with tubulin
from indirect effects caused by structural perturbations.

The homology-based model of C-DCX also allowed for a
qualitative assessment of the patient mutations that occur in that
domain. There are mutations clearly affecting buried sites, such
as 1214T (SBH), V236l (SBH), 1250N (SBH) and 1250T (SBH),
and these may affect the structure. The mutation R186C (SBH)
corresponds to R59L in N-DCX, and the consequences of the
two mutations should be similar. Other mutations are more
likely to change the distribution of the surface charge: P191R
(SBH), PI91L (SBH), R192W (XLIS), R196H (XLIS), N200K
(SBH), N200I (SBH), T203A (SBH), T203R (XLIS), T2221
(SBH), G223E (SBH) and G253D (SBH). Because MAPs in gen-
eral are known for their relatively high isoelectric points that are
key to the electrostatic interactions with negatively charged
tubulin, these specific mutations in doublecortin may directly
impact on its interactions with either tubulin or microtubules.

Concluding remarks

We have provided extensive structural characterization of a new
class of microtubule-interacting domains, occurring typically in
tandem. Although many of our functional results are consistent
with those published, some are in disagreement. The most impor-
tant difference is in our observation that the N-terminal DCX
domain of doublecortin cannot bind to soluble tubulin, in con-
trast to other reports''. However, we obtained this result by two
independent techniques, a pull-down assay with biotinylated
tubulin and NMR, with consistent results. We note that unlike
other reported studies, our experiments were conducted with
untagged proteins, precisely corresponding to the functional
domains, and by monitoring binary interactions that are free of
additional reagents. These differences may explain the discrepan-
cies, and the present results are probably closer to the physiologi-
cal conditions.

With the structural results in hand, it is tempting to speculate as
to the general scheme by which doublecortin, and perhaps other
proteins containing the DCX-tandem, enhances tubulin polymer-
ization and bundling. With one domain that interacts with the
tubulin dimer and one that is specific for microtubules, one can
envision that the enhanced polymerization of tubulin, mediated
by doublecortin, results from its action as a nucleation catalyst. In
this mechanism, formation of nascent microtubules will be stabi-
lized by the tethering of tubulin dimers to one another by
doublecortin. On the other hand, the observed bundling effect can
be envisioned to result from doublecortin acting as a crosslinking
agent between microtubules.

Methods

Protein expression and purification. The DNA encoding full-
length human doublecortin was amplified by PCR and re-subcloned
into Ncol and EcoRl sites of pGSTUni1 expression vector?”. The DCX
tandems of doublecortin (residues 45-275) and DCLK (residues
49-280) were subcloned into the EcoRl and the Hindlll sites of the
pHisUni1 expression vector3’. The DNA fragments coding for N-DCX
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Table 2 Crystallographic data

SeMet inflection A2
Data collection

Wavelength 0.9795
Resolution (A)! 1.6 (1.66-1.6)
Number of reflections
Total 28,275
Unique 9,312
Redundancy 3.0
Completeness (%)’ 84.6 (35.9)
Ryym (%)1:2 3.8(21.0)
I/a(l) 32.5(3.2)
Phasing statistics
Phasing power (iso / ano)? -/2.1
Reuiis (iso / ano)* -/0.64
Refinement statistics
Model composition
Residues 106
Sulfate ions 2
Water 138
Resolution limits (A) 10-1.6
Reflections
Working set 8,418
Test set 838
R-factors 12.7
Rfree (%)° 18.0
R.m.s. deviation
Bond (A) 0.016
Angle (°) 1.5
Ramachandran plot (residues / %)
Most favored regions 84/89.4
Additional allowed regions 10/10.6
Generously allowed regions 0/0.0
Disallowed regions 0/0.0

SeMet peak A1 SeMet remote A3 Native A\
0.9791 0.9718 0.9187
1.6 (1.66-1.6) 1.6 (1.66-1.6) 1.5 (1.55-1.5)
28,259 29,160 47,701
8,997 9,217 15,460
3.1 3.2 3.1
81.9(10.1) 83.7(17.7) 96.8 (85.7)
4.2 (21.4) 3.2(15.0) 8.4 (28.6)
31.0 (4.3) 41.7 (5.3) 14.1 (2.5)
0.37/2.1 0.98/1.9
0.77/0.64 0.56/0.68

111

2

190

20-1.5

14,683

770

15.3

18.7

0.016

1.7

79/88.8

10/11.2

0/0.0
0/0.0

"The numbers in parentheses describe the relevant value for the last resolution shell.
2Rym = 2 |I; = <I>|/ X1, where I;is the intensity of the /" observation and <I> is the mean intensity of the reflections. The values for data collected from

SeMet crystal are for unmerged Friedel pairs.

3Phasing power = r.m.s. (|| / E), where |F,| is the heavy atom structure factor amplitude and E is residual lack of closure error.
“Reunis = Z||Fro| = ||IFudll / Z|Fy| for acentric reflections, where |F,| is the observed heavy atom structure factor amplitude and |F, | is the calculated heavy

atom structure factor amplitude.

SR-factor = Z||F,| - |FJ| / Z|F,], the crystallographic R-factor, and Ry = Z||F,| - |Fd|| / Z|F,], where all reflections belong to a test set of randomly selected

data.

(residues 45-150), C-DCX (residues 170-275), N-DCLK (residues
49-154) and C-DCLK (residues 176-280) were subcloned into the
EcoRl and the Xbal sites of pGSTUni1 vector. The C-terminally trun-
cated N-DCX (residues 45-141) was created from N-DCX as template
using QuikChange site-directed mutagenesis (Stratagene) by the
two-stage PCR method38. The R59L and R89G mutants of N-DCX and
the L120M mutant of N-DCLK were generated using QuikChange.
Protein production in E. coli BL21(DE3) cells (Novagen) carrying the
plasmids was induced by the addition of 1 mM IPTG (Sigma) in LB
medium at 20 °C. The N-DCLK (L120M) plasmid was used to trans-
form the methionine auxotroph E. coli B834(DE3) (Novagen), and
expression was carried out using minimal medium supplemented
with 50 mg ml-' SeMet (Sigma). The constructs have a seven-residue
cloning artifact (GAMDPQF) at the N terminus, except for the L120M
mutant (which has a single Gly) and the full length doublecortin
(which has additional Gly-Ala). Uniformly 'N/'3C- and '>N-labeled
proteins were overexpressed in a minimal medium containing
("5NH,),SO, either with or without 3Cg-glucose, respectively. The full-
length doublecortin was purified by glutathione affinity chromatog-
raphy (Pharmacia) followed by the removal of GST by rTEV protease
(Gibco) and NaCl gradient elution from Resource 30S chromatogra-
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phy (Pharmacia). N-DCX, C-DCX, the truncated N-DCX,
N-DCLK, C-DCLK and the SeMet-substituted mutant were purified by
glutathione affinity chromatography, followed by the removal of
GST by rTEV protease and gel filtration chromatography (Superdex
75, Pharmacia). The DCX-tandems of doublecortin and DCLK were
purified by Ni-affinity chromatography (Qiagen) followed by the
removal of the Hisg-tag by rTEV protease and gel filtration.

NMR spectroscopy. NMR spectra were measured on Varian Inova
500 and 800 MHz NMR spectrometers, as well as a cryoprobe-
equipped Bruker DRX 500 MHz NMR spectrometer. Protein samples
prepared for structure determination contained 1 mM '5N- or '3C/'5N-
labeled N-DCX in 50 mM phosphate buffer, pH 6.0, 5 mM DTT and
10% D,0. Studies of interactions of DCX domains with tubulin
(Cytoskeleton) were typically carried out at 1:1 molar ratio at 60 pM
concentrations. Protein samples were dissolved in 80 mM PIPES,
1 mM EGTA and 1 mM MgCl, (PEM buffer, Cytoskeleton), pH 6.8, sup-
plemented with 1 mM GTP and 10% D,0. Samples were prepared on
ice and 'H-"SN HSQC spectra were measured at two temperatures:
20 °C (unpolymerized tubulin) and 35 °C (polymerized tubulin).
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N-DCX solution structure determination. NMR spectra used for
assignment and structure determination of N-DCX were measured at
25 °C. Three NOESY spectra with 100 ms mixing times were used to
determine distance restraints: '*N-edited NOESY and two '3C-edited
NOESY spectra for aliphatic and aromatic carbon sweep widths, respec-
tively. Spectra were processed and analyzed with NMRPipe*® and
SPARKY#0. NOESY crosspeaks were assigned using a combination of
manual and automatic assignment using NOAH/DYANA#'. The final set
of structures was refined with CNS#2 using distance restraints supple-
mented with @, Y angle restraints for regular secondary structures gen-
erated using TALOS*, 3Jyyue coupling constants, X, dihedral angle
restraints for stereospecifically assigned residues and restraints for
interstrand hydrogen bonds. NOE crosspeaks with multiple assignment
possibilities were used as ambiguous distance restraints*. The 20 low-
est energy conformers were used for the analysis.

Crystallization. The crystallization of the N-DCLK and SeMet-substi-
tuted N-DCLK (L120M) is described in detail elsewhere®. Briefly, the
native crystals were grown by sitting drop vapor diffusion at 21 °C by
mixing equal volumes of protein solution (10 mg ml-') and reservoir
solution (1.8-2.0 M (NH,),SO,and 0.1 M Nas-citrate, pH 5.0) and used as
a seed for the mixed drop solution of equal volumes of protein solution
(5 mg ml') and reservoir solution containing 1.55 M (NH,),SO, and
0.1 M Nas-citrate, pH 5.0. Single, plate-like crystals were allowed to
grow for three months. The SeMet-substituted protein crystals of
N-DCLK (L120M) were grown by sitting drop vapor diffusion at 21 °C by
mixing equal volumes of 15 mg ml-! protein and reservoir solution that
contained 2.2-2.4 M (NH,),SO,and 0.1 M Nas-citrate, pH 5.2-5.8. Plate-
like cluster crystals took about two weeks to grow.

X-ray data collection. All data sets were collected at 100 K. The crys-
tals were frozen using 30% (w/v) glycerol in the mother liquor as a
cryo-protectant. Native data were collected from a monoclinic crystal in
the C2 space group, with the cell dimensions of a = 85.98 A, b=29.62 A,
c=40.33 Aand B = 101.3°. Data were collected at SBC 191D beamline at
Advanced Photon Source synchrotron to 1.5 A resolution. SeMet crys-
tals were also monoclinic, but belonged to space group P2; with
a=3881A b=2943A, c=40.10 A and B = 115.7°. MAD data (three
wavelengths) were collected at X9B beamline of the NSLS (Brookhaven
National Laboratory) to 1.6 A resolution. All data were processed with
the HKL2000 package? (Table 2).

Crystal structure determination. Anomalous differences from the
selenium edge data set were used for initial location of the single Se
atom using direct methods in SHELXS*". Phase refinement was carried
out with MLPHARE from the CCP4 suite*® and SHARP*. Following den-
sity modification with SOLOMON®, the experimental electron density
map was used for automated model building with ARP/WARPS!, which
built 100 out of 106 residues. The refinement was carried out using
REFMACS (ref. 52) with anisotropic B-factor refinement option in the
final stage. We solved the monoclinic C2 crystal structure by molecular
replacement with AMoRe? using the partially refined model of the P2,
crystal form. The structure was refined with REFMACS using aniso-
tropic B-factors. The model in this crystal form contains 111 residues,
2 sulfate ions and 190 water molecules. Both P2, and C2 models satisfy
or exceed the quality criteria limits of PROCHECKS4.

Stability studies. Thermal denaturations were performed on a J-715
spectropolarimeter (Jasco) following the ellipticity at 220 nm and a
2 nm bandwidth with a response time of 4 s in 25 mM Tris and 300 mM
NadCl, pH 7.0, at 1 °C min~' heating rate. Protein concentration was
15-50 pg ml-'. Analysis of the data was performed using PeakFit
software (Jandel Scientific Software). Solvent denaturations were per-
formed on a FP-750 spectrofluorimeter (Jasco) or J-715 spectro-
polarimeter (Jasco) at 21 °C. Protein samples in various concentrations
of guanidine-HCl in 25 mM Tris, pH 7.0, were equilibrated for 24 h at
21 °C. The transitions were monitored by the decrease of the CD signal
at 220 nm at 2 nm bandwidth or decrease of fluorescence at 348 nm on
excitation at 280 nm with 5 nm emission and excitation bandwidths.
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The apparent free-energy change in the absence of guanidine-HCl
(AGgen) was determined by fitting the elipticity or fluorescence intensi-
ty changes at particular concentrations of guanidine-HCl to the equa-
tion given by Santoro and Bolen>.

ANS binding. The binding of ANS was measured on a FP-750 spectro-
fluorimeter (Jasco) at 21 °C in 25 mM Tris and 300 mM NaCl, pH 7.0.
Emission spectra of 20 mM ANS on excitation at 350 nm were collected
after 20 min of incubation with protein.

Hydrodynamic properties. Gel filtration performed on Superdex 75
analytical column (Amersham Pharmacia) equilibrated with 25 mM Tris,
pH 7.0, and 300 mM NacCl. Samples of 100 pl were eluted at a flow rate
0.2 ml min-', and the absorption of the eluent was recorded at 215 nm
using AKTA FPLC (Amersham Pharmacia). The hydrodynamic radius (R;)
for doublecortin and DCLK and their domains were calculated from a
linear dependence of R, values versus elution volume determined for
standard proteins.

Pull-down assays. /n vitro tubulin binding assay was performed in a
buffer containing 100 mM NacCl, 50 mM Tris, pH 7.4, 5 mM EDTA and
0.07% (w/v) Triton X-100. Biotin-conjugated tubulin at 10 pg ml’
(Cytoskeleton) was mixed with full-length doublecortin (0.1 pg ml-'),
DCX tandem (0.1 pg ml-'), N-DCX (5 pg ml-') and C-DCX (3 pg ml-') in
0.5 ml binding buffer containing 15 pl avidin resin (Promega). A set of
samples that contained the same amount of protein and avidin resin,
but without biotynilated tubulin, was used as a negative control. The
binding mixture was incubated at 4 °C with gentle rotation for 3 h.
Proteins bound to the avidin resin were pelleted down, washed 5x in
the binding buffer and eluted with SDS-PAGE sample buffer at 95 °C.
The protein bound either from supernatant or the pellet was analyzed
by 13% SDS-PAGE, followed by immunoblotting with polyclonal anti-
bodies to doublecortin and /or tubulin.

In vivo assays using COS-7 cells. COS-7 cells were grown in mono-
layer on cover glass before being transfected with DCX constructs
cloned in pIRES-hrGFP-1a vector (Stratagene). Transfection was per-
formed using lipofectamine (Invitrogen) according to manufacturer’s
instructions. Cells were fixed (48 h later with 4% formaldehyde in PBS
(phosphate buffered saline, 138 mM NaCl and 2.7 mM KCl, pH 7.4) and
stained in PBS containing 0.1% (w/v) Triton X-100 with monoclonal
antibody to tubulin B-5-1 (Sigma) followed by rhodamine-conjugated
anti-mouse to view microtubules. Hoechst 33342 was used to visualize
nuclear DNA. The cells were examined with an Olympus microscope
equipped for epifluorescence.

Coordinates. The coordinates have been deposited in the Protein
Data Bank (accession codes 1TMFW for the SeMet-labeled N-DCLK
L120M mutant, 1MG4 for the native N-DCLK and 1MJD for the NMR-
derived coordinates of N-DCX).
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